EVERE SEPSIS, A SYNDROME OF acute infection complicated by organ dysfunction, is caused by a dysregulated systemic inflammatory response. Sepsis can progress to systemic hypotension (septic shock), Importance Eritoran is a synthetic lipid A antagonist that blocks lipopolysaccharide (LPS) from binding at the cell surface MD2-TLR4 receptor. LPS is a major component of the outer membrane of gram-negative bacteria and is a potent activator of the acute inflammatory response.
manifest by hypoperfusion of vital organs, multiple organ dysfunction, and death. [1] [2] [3] The Surviving Sepsis Campaign reported decreased mortality based on improved supportive care and evidencebased guidelines for diagnosis and timely intervention. 4, 5 However, mortality remains at approximately 30% 4 and hospital admissions for severe sepsis have increased. 3, 5, 6 Thus, improvements in care for severe sepsis remain a priority.
Lipopolysaccharide (LPS) or endotoxin, the major component of the outer membrane of gram-negative bacteria, is a potent stimulator of the inflammatory response. 7 LPS triggers inflammation in gram-negative sepsis. Excessive amounts of gut-derived LPS released during intestinal hypoperfusion are implicated in sepsis caused by gram-positive and fungal infections. 8, 9 LPS signaling is initiated by activation of the MD2:toll-like receptor 4 (TLR4) on myeloid cells. 7, 10 Eritoran (E5564), a synthetic analog of lipid A and a potent and specific antagonist of LPS action, inhibits lipid A binding to MD2 and terminates MD2/TLR4-mediated signaling invitro, exvivo, and invivo. [11] [12] [13] In a phase 1 trial, eritoran blocked cytokine responses and clinical illness in healthy volunteers 14 and in a phase 2 trial, eritoran-treated patients at high risk of death had lower mortality that was not statistically significant (eritoran 37.5% vs placebo 56.3%). 15 The current trial evaluated the safety and efficacy of eritoran in reducing mortality in patients with severe sepsis.
METHODS
The ACCESS (a controlled comparison of eritoran and placebo in patients with severe sepsis) trial was designed as a randomized, double-blind, placebocontrolled, phase 3 clinical study. Enrollment occurred from June 2006 through September 2010 in 197 sites in North America, Europe, South America, Africa, Asia, and Australia. Predefined race and ethnicity information categories (white; black; Asian, non-Japanese; Japanese; other; Hispanic, non-Hispanic) were noted at screening for planned subgroup analyses of efficacy and safety. Racial categories were self-reported and these differences were assessed to determine if TLR4 polymorphisms from different populations affected responsiveness to eritoran therapy.
Patient Selection
Patients who were at least 18 years old with early severe sepsis or septic shock and high risk of death were screened for participation. Severe sepsis was defined as documented evidence of bacterial or fungal infection, at least 3 criteria for systemic inflammatory response syndrome (SIRS eAppendix, available at http://www.jama.com), and at least 1 major organ dysfunction. Septic shock was defined as hypotension requiring vasopressors (eAppendix). High risk of death was defined as having an APACHE II (Acute Physiology and Chronic Health Evaluation) score of at least 21 and not greater than 37. The onset of the first sepsis-related organ dysfunction had to occur less than 12 hours before administration of the study drug. Key exclusion criteria are listed in eAppendix.
Randomization
Eligible patients were assigned by centralized randomization using a computerized set of random numbers in a 2:1 eritoran:placebo ratio. Patients were assessed daily until hospital discharge or day 28 after randomization. Longterm follow-up evaluations occurred at 3, 6, and 12 months.
Critical care and infectious disease specialists at 3 clinical coordinating centers (United States, Belgium, and Japan) reviewed all screening data with study sites before enrollment to confirm that patients met all inclusion but no exclusion criteria. Approval from institutional review or ethics boards was obtained for all sites, and written informed consent was obtained from all patients or proxies as required by local authorities. A clinical evaluation committee (eAppendix) performed blinded evaluations of procedures throughout the study. The clinical evaluation committee determined the type, site, and causative organism of sepsis-defining infections.
Study Procedures
A total dose of 98.41 mg eritoran (free acid) was administered. This amount is equal to the highest total dose of eritoran tetrasodium (105 mg) used in the phase 2 severe sepsis study. 15 Eritoran was administered intravenously as a loading dose of 26.24 mg (6.56 mg/h for 4 hours), followed by a second loading dose of 13.12 mg (6.56 mg/h for 2 hours) 12 hours later, and 9 maintenance doses of 6.56 mg (3.28 mg/h for 2 hours) given every 12 hours thereafter. Matching placebo (vehicle) vials, with identical reconstitution and infusion instructions to the eritoran vials, were administered on the same schedule.
Primary and Secondary Outcomes
Survival was ascertained at 28 days after beginning treatment (the primary outcome measure) and at 3, 6, and 12 months through interviews with patients or surrogates. Serum samples of inflammatory markers were obtained at baseline, 30 minutes before the second loading dose, and on days 2 and 3. When not normally distributed, log-transformation of these data was performed for statistical analysis. Endotoxin activity assays were performed at baseline in a subset of patients by previously described methods (eAppendix). 9 Eritoran efficacy was evaluated in prespecified patient subpopulations defined as follows: baseline APACHE II score groups (21-24, Ͼ24-26, Ͼ26-31, and Ͼ31-37); gram-negative vs gram-positive infections; infection sites (lung, abdomen, genitourinary, skin/ soft tissue, primary and catheterrelated bacteremia, central nervous system, and other); and baseline severity of illness by Sequential Organ Failure Assessment (SOFA) scores.
Safety Measures
Electrocardiograms, laboratory measurements, and physical examina-tions were performed throughout the active 28-day follow-up period or at hospital discharge. Adverse events were evaluated up to day 28 in all patients.
Infection-related adverse events were closely monitored to assess the potential host response attenuation risk by eritoran.
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Statistical Analysis
A modified intent-to-treat (MITT) population, consisting of all randomized patients who received at least 1 dose of eritoran or placebo, was the primary population for analysis of eritoran efficacy. A per-protocol population was determined by the clinical evaluation committee's adjudication of study drug treatment compliance, eligibility criteria, and lack of major protocol deviations. The safety population consisted of all patients who received at least 1 dose of study drug and had at least 1 post-dose safety assessment. An independent data monitoring committee conducted interim efficacy and safety analyses. Statistical programming and analyses were performed using SAS version 9.1.3, service pack 4.
The primary efficacy end point was evaluated by the difference in allcause 28-day mortality between the eritoran-treated and placebo-treated groups using a 2 test. Kaplan-Meier estimates and log-rank statistics were used to assess survival time function throughout the 28 days and 1 year from treatment initiation. The outcome variable for a preplanned logistic regression analysis was all-cause 28-day mortality. Participants with unknown mortality status (who were lost to follow-up before day 28) were considered as dead. The logistic regression analysis with treatment and APACHE II score as fixed covariates was applied as a sensitivity analysis to support the primary analysis. The preplanned analysis of hazard ratio (HR) was unadjusted. HRs (eritoran vs placebo) and CIs were based on a Cox regression model with treatment group as a covariate.
All-cause mortality of 40% was predicted for the placebo group based on mortality rates in the phase 2 sepsis study for patient subgroups with APACHE II scores of 21 to 37. 15 A sample size of 2000 patients was deemed sufficient to detect at least a 7.5% difference (estimated effect size based on the phase 2 trial results) in the 28-day mortality rate between eri- 
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toran and placebo, with 90% power and an overall ␣ level of .05 using a 2-sided 2 test. Four interim analyses were planned and 1 additional safety interim analysis was conducted by the data monitoring committee. The nominal ␣ levels assigned for the first 3 planned interim safety analyses and the additional interim safety analysis were .0001, .0001, .0001, and .0001, respectively. The final planned interim analysis (considered as both efficacy and safety) is assigned an ␣ value of .001. Adjusted for 5 interim analyses, the ␣ value assigned for the final analysis was .0498 using the interpolated boundary family.
RESULTS
Study Population
Written informed consent was obtained from 2166 patients, 1984 of whom were confirmed to be eligible by the clinical coordinating centers. These 1984 patients were randomized (2:1) to receive eritoran (n=1322) or placebo (n=662) (FIGURE 1). Enrollment began in June 2006 and was completed by Sepember 2010. Oneyear followup on all patients was completed by September 2011. Among randomized patients, 18 in the eritoran group and 5 in the placebo group did not receive treatment. Therefore, the MITT populat i o n c o m p r i s e d 1 9 6 1 p a t i e n t s (eritoran, n = 1304; placebo, n = 657). One patient was treated with eritoran without randomization and became part of the safety population only (1962 patients: eritoran, n = 1305; placebo, n = 657). The vital status of the entire MITT population was determined at the 28-day follow-up time point.
The 2 study groups were well balanced with respect to demographic and baseline disease characteristics (TABLE 1, TABLE 2, and TABLE 3 ). The median APACHE II score was 26 in both groups. Septic shock was present in approximately 80% of patients at enrollment, and 65% of patients had at least 1 other organ dysfunction in addition to the initial organ dysfunction because some had more than 1 organ dysfunction. e SOFA scores range from 0 (normal) to 4 (most abnormal). required for enrollment. Gramnegative infections were documented in 35% of patients in both groups and gram-positive infections in 27%. Mixed gram-negative/gram-positive infections occurred in 11% of patients. The most common causative organisms overall were Escherichia coli (22% of patients), Staphylococcus aureus (12%), and Streptococcus pneumoniae (11%). The lung was the infection site in approximately half of patients in each group. The overall incidence of bloodstream infection was 40% in the placebo group and 37.5% in the eritorantreated group. The per-protocol population, as adjudicated by the clinical evaluation committee, consisted of 1760 patients (89.8% of the MITT population).
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Comparable supportive care was administered during the 28-day study (TABLE 4). More than 90% of patients in both groups received some elements of early goal-directed sepsis therapy and 67% of patients received stress-dose systemic corticosteroids per protocol. Approximately 15% of patients received drotrecogin alfa (activated) therapy. Appropriate antimicrobial therapy and timely infection control was high in both treatment groups.
Efficacy Assessments
Treatment with eritoran did not significantly alter the primary study end point of 28-day mortality in the MITT population; 28.1% (366/1304) of patients in the eritoran group vs 26.9% (177/657) of patients in the placebo group. The vital status was unknown for 3 patients in each group (P=.60). The difference in 28-day mortality between the eritoran and placebo groups was Ϫ1.1% (95% CI, Ϫ5.3% to 3.1%). The Kaplan-Meier survival analysis for the 28-day period showed no differences between the groups (P = .58 by log-rank test; [HR, 1.05; 95% CI, 0.88 to 1.26] ; FIGURE 2A) . Similarly, KaplanMeier analysis of the key secondary end point, all-cause mortality at 1 year, showed no differences in outcome (P=.79 by log-rank test; [HR, 0.98; 95% CI, 0.85 to 1.13]; Figure 2B ).
Analysis of predefined subgroups, including patients at different APACHE II quartiles and baseline SOFA scores, those with septic shock (as defined by cardiovascular SOFA score Ն2), those with gram-negative and gram-positive infections, and those with infection at different sites (including bloodstream infections or total confirmed infections), revealed no effect of eritoran on mortality vs placebo (FIGURE 3) . A number of baseline variables were significantly associated with outcome including age, sex, race/ethnicity, number of organ dysfunctions, source of infection types, and primary focus of infection. A logistic regression model accounting for these variables failed to demonstrate a significant effect of treatment on outcome (P=.93).
Levels of interleukin (IL)-1␤, IL-6, IL-8, IL-10, IL-12, tumor necrosis factor (TNF)-␣, and procalcitonin were elevated at baseline and decreased at subsequent time points. The changes were comparable for both groups (eTable 1). As anticipated, the cytokine data were not normally distributed. No significant differences were observed between groups by analyzing cytokine data with or without log-transformation.
The overall 28-day mortality rate in the subgroup of 209 patients for whom baseline endotoxin levels were measured was 18.4% for patients treated with eritoran and 29.4% for patients who received placebo, a result not consistent with the overall mortality rate in the study. A total of 85 patients (40.7%; 52 in the eritoran group and 33 in the placebo group) had elevated baseline endotoxin activity assay (EAA) (Ն.6). In these patients, eritoran treatment led to a 28-day mortality rate of 28.9% vs 27.3% in the placebo groups. In the subgroup of patients with EAA levels Ͻ.6, the mortality rate was 12% in the eritoran-treated group (n=83) vs 31.7% in the placebo group (n=41).
Safety Assessments
Eritoran was well tolerated with comparable numbers of treatmentemergent adverse events (TEAEs) and serious TEAEs between eritoran and placebo groups (eTable 2). TEAEs of special interest, including evidence of atrial fibrillation, hepatic dysfunction, 
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renal dysfunction, hemorrhagic events, or phlebitis were similar in both groups. TEAEs related to infection were comparable for both groups (placebo group, 47%; eritoran group, 46%).
COMMENT
In this phase 3 trial of patients with severe sepsis, eritoran administration failed to demonstrate a significant effect, compared with placebo administration, on reducing all-cause 28-day mortality, 1-year mortality, or on any of the prespecified patient subgroups. These findings are in contrast with several preclinical studies and in phase 1 clinical trials in which eritoran terminated lipopolysaccharide (LPS)-associated molecular and clinical events when administered in adequate doses. [11] [12] [13] [14] [15] Despite these promising early results, no evidence of significant benefit was observed with eritoran in this large phase 3 trial.
Endotoxemia in the absence of an identifiable gram-negative infection is attributed to impaired mucosal barrier function with increased permeability of endotoxin and other pathogenassociated molecular patterns from the large reservoir of gram-negative bacteria in the gut. 8, 9, 18, 19 Variable and intermittent circulating LPS concentrations are often found at some point during most severe sepsis episodes and the endotoxemia level correlates with illness severity. 8, 9, 18 Therefore, LPS has long been considered an attractive target for potential antisepsis therapies.
Previous therapeutic strategies targeted endotoxin with antibodies against the lipid A moiety of LPS, 20, 21 which failed in clinical trials and were later found to be weak binders and neutralizers of endotoxin in vitro. 22 Other therapies aimed at reducing LPS levels, including bactericidal permeabilityincreasing protein, 23 phospholipid emulsion, 24 and polymixin B columns 25 also produced variable findings with inconsistent clinical trial results. Our results with the highly active LPS inhibitor eritoran in critically ill septic patients call into question the role of an endotoxin-blocking agent in halting the inflammatory progression and organ dysfunction once sepsis is already underway.
There are multiple possible explanations for why eritoran did not improve treatment outcomes. First, the original hypothesis was predicated on the expectation that an LPS inhibitor would limit damage attributable to elevated serum endotoxin levels in patients with established severe sepsis.
The study design was intended to capture severely ill patients at high risk of endotoxemia in the early stages of progressive, sepsis-induced organ dysfunction. Based on previous observational studies, we predicted that the majority of patients enrolled would have elevated levels of circulating endotoxin. 8, 9 However, the study design did not use detectable endotoxemia as a precondition for enrollment and in the Abbreviations: CEC, clinical evaluation committee; MITT, modified intention to treat. a Insulin was administered to provide intensive glycemic control during the study. b Drotrecogin alfa activated (brand name, Xigris). c Low-tidal volume protocols were followed while patients received support from mechanical ventilation (ie, 6 mL/kg). d Concomitant medications were ongoing from baseline or started after the first dose of study medication. e Patients receiving a mean dose of more than 0.5 mg/kg prednisone (to a maximum of 30 mg/d) or equivalent dose of another agent in the 7 days prior to screening were excluded. Hydrocortisone at doses of at least 300 mg per day for treatment of septic shock was acceptable.
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©2013 American Medical Association. All rights reserved. Second, the observed mortality rate for patients who received placebo (27%) was lower than the anticipated mortality rate (40%) used in the original design. The low placebo event rate, which may indicate less severe disease in our patient population, would predict a lower response probability to eritoran. Consequently, this study might have been underpowered to detect a difference in outcome in this lower than expected mortality risk population. 16 Third, improvements in patient care may also have contributed to a lower placebo event rate in this study than in previous trials. The APACHE 2 score as a predictor of intensive care unit mortality was validated more than 20 years ago and now consistently overestimates the mortality rate in sepsis patients. 26 The majority of patients had aggressive fluid resuscitation as part of early goal-directed therapy and were treated in accordance with Surviving Sepsis Campaign guidelines. 4 In addition, approximately 70% of patients received appropriate antimicrobial therapy within 4 hours of diagnosis, which probably improved survival. In patients with meningococcal sepsis, early administration of appropriate antibiotic therapy correlated with rapid clearance of endotoxin. 27 A possible related factor was the delayed timing of eritoran administration, (ie, started a median of 9.15 hours after the onset of sepsis-induced organ dysfunction). This may not have been early enough to provide benefit for some endotoxemic patients with sepsis.
Fourth, in subgroup analyses, patients with gram-positive bacterial infections and those with skin and soft tissue infections appeared to do significantly worse in the eritoran-treated group than the placebo group. In the phase 2 trial, the subgroup of patients with gram-positive bacterial infections seemed to respond better to eritoran than those with gram-negative infections. 15 The reasons for these differential outcomes between studies in gram-positive bacterial sepsis are unclear, but are most likely attributable to chance when analyzing differences between small subgroups. Future trials with this or other MD2-TLR4 inhibitors should proceed with caution if patients with gram-positive infections are included in the study population. Many drugs commonly used in management of critically ill patients with sepsis can alter the host response to TLR4 signaling directly or indirectly, potentially limiting the benefits of this specific MD2:TLR4 inhibitor. Glucocorticoids, statins, catecholamines, macrolides, anesthetics, proton pump inhibitors, and other agents can modify the host inflammatory response and alter responsiveness to LPS inhibitors. 28 Although LPS acts via TLR4 to activate NF-kappa-B and inflammatory gene transcription, other host-derived and microbial ligands are recognized by a number of pattern recognition receptors and can activate NF-kappa-Bdependent gene transcription independent of TLR4 signaling. 7, [29] [30] [31] Other common intermediary steps in the inflammatory cascade may be better targets for intervention.
In summary, in this phase 3 trial eritoran did not significantly improve outcome for patients with severe sepsis and septic shock. Eritoran joins a long list of other experimental sepsis treatments that do not improve outcomes in clinical trials in these critically ill patients.
